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PRSCEDINS 


I.  INTRODUCTION 


At  the  inception  of  this  program  the  major  inhibitor  to  the  use  of  metal 
matrix  composites  for  jet  engine  fan  blades  was  the  low  impact  resistance  of 
this  class  of  materials.  This  observation  has,  in  the  past,  been  demonstrated 
through  both  actual  component  and  laboratory  specimen  tests  in  which,  when 
compared  to  current  monolithic  titanium,  composite  specimens  appeared  less 
resistant  to  impact  by  objects.  The  herein  described  program  was  begun, 
however,  because  of  several  findings  which  indicated  that  metal  matrix  compos- 
ite impact  tolerance  could  be  significantly  improved. 

The  first  of  these  findings  was  a demonstration  that  the  impart  resis- 
tance of  boron  aluminum  composites,  as  measured  by  the  total  energy  to  failure 
of  a standard  notched  Charpy  specimen,  could  be  significantly  altered  by  con- 
trol of  fiber  effective  strength,  filament  volume  percent,  filament  diameter 
and  matrix  shear  strength  (Ref.  1).  As  shown  in  Fig.  1,  this  dependence  was 
found  to  exist  over  a wide  range  of  filament  and  matrix  combinations  and 
indicated  that  significant  improvements  in  energy  dissipation  capability  could 
be  achieved  if  a high  strength  8.0  mil  diameter  filament  could  be  developed 
and  used  in  conjunction  with  a low  shear  strength  matrix. 

Shortly  thereafter,  guided  by  the  data  developed  in  Ref.  1,  it  was  dem- 
onstrated that  boron  reinforced  aluminum  composites  could  be  fabricated  and 
tested  to  achieve  notched  Charpy  impact  energy  levels  significantly  greater 
than  those  characteristic  of  titanium  alloys  (Refs.  2,  3).  This  demonstration 
illustrated,  for  the  first  time,  the  point  that  aluminum  matrix  composites 
were  not  necessarily  brittle  and,  in  fact  by  a selected  test  procedure,  they 
were  superior  in  impact  tolerance  to  state-of-the-art  engineering  alloys.  The 
specimen  shown  in  Fig.  2 dissipated  over  22  ft  lbs  of  impact  energy  and 
remained  substantially  unbroken  while  similar  geometry  specimens  of  Ti-6Ai-^V 
failed  after  dissipating  approximately  15-20  ft  lbs  of  energy.  In  this  work, 
Ref.  2,  it  was  also  shown  that  a hybridization  concept,  which  included  the 
use  of  both  low  shear  strength  matrix  areas  (for  high  impact  energy)  and  high 
strength  matrix  areas  (for  high  shear  and  transverse  strength),  could  be 
utilized  to  combine  high  impact  tolerance  with  high  off-axis  composite 
strength  in  one  composite  system. 

Indications  that  the  measured  impact  resistance  of  composites  is  strongly 
affected  by  composite  specimen  geometry  were  also  reported  (Refs.  1,  2.  3). 

The  rationale  for  this  was  postulated  to  depend  on  the  relative  contributions 
of  matrix  plasticity  and  filament  fracture  to  ultimate  composite  failure. 

Very  large  amounts  of  energy  can  be  dissipated  by  matrix  deformation,  however, 
the  applied  stress  state  must  bo  such  as  to  permit  this  to  be  a controlling  mode 
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of  failure.  The  comparison  of  tensile  stress-strain  curves  for  boron  aluminum  | 

shown  in  Fig.  3 is  illustrative  of  this  point.  The  matrix  shear  controlled  I 

failure  of  a * U 5 ° specimen  dissipated  a much  larger  quantity  of  energy  than  | 

the  filament  controlled  failure  of  a 0°  specimen  or  the  constrained  matrix 
controlled  failure  of  the  90°  specimen.  The  recognition  of  this  importance 
of  stress  state-composite  interaction  clearly  pointed  out  the  need  for  testing 
and  descriptive  procedures  going  beyond  the  simple  overall  notched  Charpy 
impact  energy. 

Finally,  smother  concern  which  contributed  to  the  formulation  of  this 
program  was  the  recognition  that  impact  energy  dissipation  capability  was  not 
the  only  criterion  important  in  achieving  a highly  impact  resistant  composite. 

The  load-time  history  and  maximum  load  sustained  during  impact  arc  also  of 
great  importance.  This  was  clearly  illustrated  for  the  case  of  silica  fila- 
ment reinforced  epoxy, (Ref.  4),  where  the  exposure  to  a steam  environment  of 
these  composites  caused  only  a small  (14  percent)  decrease  in  specimen  impact 
energy;  however,  the  maximum  impact  load  carrying  capacity  decreased  by  45 
percent.  The  description  of  material  impact  resistance  solely  on  the  basis 
of  energy  dissipation  can  be  misleading  and  hence,  the  herein  described  pro- 
gram emphasized  the  use  of  an  instrumented  test  procedure  which  permitted  the 
evaluation  of  both  the  load-time  impact  history  of  a specimen  as  well  as  the 
overall  imp'act  energy.  It  should  also  be  noted  that  this  additional  loading 
information  is  absolutely  essential  if  composite  specimen  performance  is  to  be 
used  to  design  actual  engine  components.  Charpy  impact  energy  is  not  a design 
tool,  it  is  only  a qualitative  indicator  of  material  performance.  The  use  of 
more  sophisticated  treatments  such  as  those  based  on  fracture  mechanics, 

(Refs.  5)  6 and  7)  'ire  needed  for  structural  design  in  the  presence  of  flaws 
and,  as  will  be  demonstrated  in  this  report,  analyses  relating  performance  to 
test  geometry  and  stress  state  are  necessary  to  effectively  select  materials 
for  the  fabrication  of  structures  resistant  to  impact. 
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II.  EXPERIMENTAL  PROCEDURE 


A.  MATERIALS 


The  following  materials  were  purchased  from  the  indicated  sources. 


5.6  mil  diameter  boron  filament  - 

5.7  mil  diameter  Borsic  filament  - 
A1  alloy  foils 

A1  alloy  powder 
8 mil  diameter  boron  filament 

Ti  - 6A1  -4v  foil 

5-7  Borsic  Reinforced  - Ti-6Al-4v 


Composite  Materials  Corporation 
Composite  Materials  Corporation 
Composite  Materials  Corporation 
Composite  Materials  Corporation 
Avco  Corporation 
Teledyne  Rodney  Metals 
- TRW  Corporation 


B.  COMPOSITE  FABRICATION 

1.  Boron  Reinforced  Aluminum 

All  of  the  boron  filament  reinforced  aluminum  composites  evaluated  during 
this  program  were  fabricated  at  UTRC  using  plasma  sprayed  precursor  tapes  and 
diffusion  bonding  procedures.  The  fabrication  of  the  precursor  tapes  has  been 
described  in  detail  in  several  previous  reports  (Refs.  1,  8),  and  will  not  be 
repeated  here.  All  diffusion  bonding  was  performed  in  a vacuum  of  10“  5 Torr, 
at  applied  pressures  in  excess-of  2,000  psi  and  with  the  composite  layers 
confined  in  close  walled  dies. 

The  temperature  of  bonding  depended  on  the  composition  of  the  matrix, 
however,  it  was  always  below  the  alloy  solidus  temperature. 

The  properties  of  the  aluminum  alloys  used  during  this  investigation  are 
tabulated  in  Table  I. 

2.  Boron-Aluminum-Titanium 

Composite  specimens  were  fabricated  containing  added  layers  of  Ti-6Al-4v. 
Bonding  conditions  used  were  substantially  similar  to  those  used  for  all  alu- 
minum matrix  composites,  however,  in  this  case  temperatures  were  also  limited 
to  prevent  the  formation  of  aui  intermetallic  layer  between  the  added  titanium 
foils  and  the  aluminum. 

3.  Borsic-Titanium 

Two  sources  of  Borsic  reinforced  titanium  were  evaluated  under  this  pro- 
gram. Several  panels,  fabricated  by  TRW,  were  purchased  and  additional  panels 


C.  INSTRUMENTED  PENDULUM  IMPACT  TESTING 

All  pendulum  impact  tests  were  performed  using  an  instrumented  tup  which 
permits  the  generation  of  load-time  traces  describing  the  impact  event. 
Continuous  load  measurement  is  achieved  through  the  use  of  strain  gages  mounted 
on  the  tup  and  a calibration  to  translate  strain  readings  into  load.  The 
strain  gage  output  is  monitored  on  an  oscilloscope  producing  a load-time  trace 
which  is  then  photographically  recorded. 


Two  instrumented  impact  testers  were  constructed  at  UTRC  for  this  purpose 
using  standard  23  ft  lb  and  260  ft  lb  capacity  pendulum  impact  machines.  The 
23  ft  lb  tester  is  shown  in  Fig.  4. 


were  fabricated  at  UTRC.  The  composite  panels  fabricated  at  UTRC  were 
diffusion  bonded  using  polystyrene  bonded  precursor  tapes.  Each  tape  consisted 
of  Ti-6Al-4v  foil  with  an  overlayer  of  evenly  spaced  Borsic  fibers  bonded  to 
the  foil  by  the  polystyrene  fugitive.  Hot  pressing  was  performed  by  heating 
in  vacuum  to  4 50-490“ C to  first  remove  the  polystyrene  and  then  raising  to 
the  ultimate  bonding  temperature  followed  by  final  high  pressure  application. 


Specimens  of  both  standard  and  thin  nonstandard  sizes  were  tested  during 
this  program.  To  insure  uniform  impact  loading  of  the  thin  specimens,  shims 
have  been  fabricated  to  position  the  specimen  impact  face  properly  with  respect 
to  the  bottom  of  the  pendulum  swing. 

D.  TENSILE  TESTING 

Composite  tensile  specimens  were  parallel  sided  with  fiberglass  doubler 
pads  bonded  onto  each  end.  The  overall  specimen  dimensions  were  five  inches 
long  and  0.4  inch  wide  with  a final  effective  gage  length  of  1.0  inch. 

Measurements  of  modulus  and  failure  strain  were  obtained  using  strain 
gages  mounted  on  opposite  specimen  sides. 

The  pendulum  impact  specimen  geometries  tested  are  shown  in  Fig.  4.  The 
specimen  orientations  tested  are  indicated  in  Fig.  5-  They  consist  of  two 
basic  types,  LT  and  TT.  This  notation  was  first  introduced  during  another 
UTRC  program,  (Ref.  1).  The  letters  refer  to  the  directions  which  are  longi- 
tudinal (L)  or  transverse  (T)  with  respect  to  the  specimen  principal  fiber 
axis.  The  first  letter  of  each  pair  refers  to  the  normal  to  the  crack 
growth  plane  while  the  second  letter  refers  to  the  direction  of  crack  growth. 
The  LT  type  specimens  were  also  tested  in  two  orientations,  edgewise  or  chord- 
wise.  These  designations  refer  to  impact  orientations  based  on  jet  engine 
fan  blade  terminology.  A chord’dse  impact  on  a fan  blade  consisting  of  layers 
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of  boron  aluminum  tape  is  simulated  by  the  uppermost  specimen  in  Fig.  5>  in 
that  the  direction  of  impact  is  normal  to  the  tape  plies.  An  edgewise  fan 
blade  impact  configuration  is  simulated  by  the  impact  direction  being  in  the 
plane  of  the  tape  plies. 

E.  BALLISTIC  IMPACT  TESTING 

All  ballistic  impact  tests  were  performed  at  the  Air  Force  Materials  Lab- 
oratory, Wright  Patterson  Air  Force  Base.  Two  geometries  of  impact  were 
utilized  (Fig.  7)  to  demonstrate,  as  in  the  case  of  pendulum  impact,  the 
dependence  of  material  performance  or  imposed  stress  state.  Strain  gages 
were  located  on  some  of  the  ballistic  specimens  and  their  locations  are 
indicated  in  Fig.  7.  All  ballistic  tests  were  performed  using  RTV  cylinders 
having  a weight  of  approximately  O.36  gm.  The  cylinders  were  0.295"  diameter, 
0.295"  long,  and  were  fired  with  the  use  of  a sabot  which  was  caught  prior  to 
specimen  impact. 

All  ballistic  tests  were  monitored  using  a slit  camera  which  recorded 
specimen  and  projectile  motions  at  the  point  of  impact.  In  addition  strain 
gage  data  and  framing  camera  records  were  taken  on  selected  specimens.  The 
use  of  these  data  to  interpret  and  correlate  specimen  performance  was  not 
within  the  scope  of  this  program.  However,  these  data  will  prove  extremely 
useful  to  other  investigators  who  may  wish  to  investigate  material  impact 
resistance. 
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m.  REGUL'Io  AND  DINCIIUS  I ON 


A.  INSTRUMENTED  PENDULUM  IMPACT 

The  instrumented  pendulum  impact  tent  wan  the  tent  lined  inert  extensively 
during  the  performance  of  this  program.  An,  stated  in  the  introduction,  it. 

■was  clear  to  the  investigator  that  a simple  measure  of  the  total  energy  to 
fail  a standard  Charpy  specimen  was  not  a sufficient  criterion  by  which  to 
rank  potential  fan  blade  materials.  The  use  of  the  instrumented  tup  wan  a 
major  step  forward  in  achieving  truly  meaningful  data.  Many  previous  publi- 
cations have  described  the  details  of  the  procedure  and  precautions  neces- 
sary to  achieve  accurate  instrumented  impact  data,  Refs.  8,  9,  10-  The  major 
problem  lies  in  recording  a signal  which  accurately  describes  the  loading 
history  of  the  tup  during  impact.  Extensive  precautions  were  taken  at  U’i'RC 
to  insure  that  this  was  the  case  and  impact  specimens  were  shared  with  two 
other  independent  laboratories , Refs.  11,  12,  to  insure  that  the  equipment  and 
procedures  developed  at  UTRC  were  capable  of  providing  accurate  and  precise 
data.  It  was  concluded  that  this  was  the  case. 

The  interpretation  of  load  and  energy  data  obtained  from  the  instrumented 
pendulum  impact  test  is  only  meaningful  if  one  considers  the  dependence  of  the 
composite  response  on  specimen  geometry  and  hence  imposed  stress  state. 
Multiple  composite  failure  modes  are  possible,  depending  on  the  dimensions  of 
the  specimens  tested. 

Figure  8 illustrates  the  problem  at  hand.  Specimen  dimensions  of  L and 
h are  shown  in  this  figure.  For  Charpy  impact  or  three  point  bend,  the  L 
refers  to  the  specimen  span  and  h to  the  width  over  which  crack  propagation 
must  occur.  The  standard  Charpy  lent  with  an  I, /it  ratio  of  h (notched)  or  4 
(unnotched)  is  not  at  all  similar  to  the  Intended  blade  application  where 
effective  L/h  values  can  exceed  100.  On  a local  damage  scale,  the  similarity 
may  be  closer;  however,  it  is  clear  that  the  geometry  dependence  of  composite 
performance  must  be  understood  prior  to  any  extension  of  pendulum  impact  data 
to  blade  design.  The  inclusion  of  this  geometry  dependence  can  be  accom- 
plished with  existing  understanding  of  composite  beam  testing,  Refs.  13,  l4. 
Through  the  use  of  these  concepts,  and  simple  beam  equations,  it  is  possible 
to  plot  interaction  diagrams  which  illustrate  the  dependence  of  unnotched 
composite  beam  strength  on  specimen  geometry.  Although  these  equations  were 
developed  for  the  standard  betid  tests  which  are  performed  at  slow  rates  of 
load  application,  usually'  0.01  to  0.1  inches  per  minute,  they  apply  equally 
well  to  specimens  impacted  at  V',000  to  10,000  incites  per  minute,  which  is  the 
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usual  range  of  velocity  for  Charpy  impact  testing.  The  dependence  of  material 
strength  on  impact  velocity  is  another  matter  independent  of  the  method  of 
analys is . 

For  an  unnotched  bend  test  of  a simply  supported  composite  beam  of 
rectangular  cross  section,  simple  equations  predict  nominal  levels  of  maximum 
shear  and  flexural  str-esses.  The  maximum  shear  stress  uccurs  at  the  neutral 
surface  and  is  given  by 

T = 3/4  — 
max  bh 

The  maximum  flexural  stress  occurring  at  the  same  time  is 

PL 

“max  - 3/2  ^ 

and  occurs  at  midspan  at  the  top  fibers  (side  away  from  the  loading  nose). 

The  use  of  these  equations  presupposes  a series  of  assumptions  which  are 
satisfied  quite  well  by  composites  of  the  types  tested  in  this  program  and  for 
which  the  principal  axes  of  orthotropy  coincide  with  the  axes  of  symmetry  of 
the  test  specimen.  The  use  of  these  equations  is  recognized  by  the  investiga- 
tor to  be  overly  simplistic  in  light  of  effects  of  stress  concentrations  in 
the  areas  of  the  loading  points,  Ref.  15,  and  the  need  for  more  sophisticated 
stress  analyses  to  completely  characterize  the  existant  stresses,  particularly 
for  multiaxially  reinforced  specimens  Refs . l6,  17,  l8.  However,  as  will  be 
demonstrated  in  this  report  these  simple  equations  are  useful  in  rationaliz- 
ing and  predicting  composite  beam  response. 

Figure  $ is  a.  theoretical  construction  of  a scries  of  shear  interaction 
diagrams  for  various  boron  fiber  reinforced  metal  matrix  composite  systems  in 
the  LT  orientation  based  on  assumed  values  of  composite  and  matrix  strength!;. 
The  horizontal  lines  in  the  low  h/h  region  indicate  the  expected  levels  of 
composite  shear  strength  obtainable  for  composites  either  yielding  or  frac- 
turing due  to  matrix  yield  or  failure.  These  true  levels  of  material  shear 
strength  Tmax  are  independent  of  specimen  geometry  (h/h),  however,  the 
measured  (observed)  values  of  Tmax  will  not  be  independent  at  higher  levels 
of  (L/h)  due  to  a transition  of  failure  mode  from  shear  to  flexural.  In  the 
higher  L/h  regions  a calculation  of  shear  strength  would  be  incorrect.  The 
calculated  curves  of  decreasing  observed  shear  strength  are  based  on  assumed 
values  of  composite  flexural  strength,  c . Similarly,  in  Fig.  10.  a flexural 
interaction  diagram,  the  transition  into  a shear  failure  region  is  noted  by 
the  drop  in  calculated  composite  flexural  strength  at  small  values  of  L/h. 

In  both  figures  the  L/h  values  for  notched  and  unnotched  standard  sized 
Charpy  specimens  are  denoted  by  the  shaded  regions  indicating  that,  for  1100 
and  6061  aluminum  matrix  composites,  the  specimen  behavior  is  controlled  by 
shear  strength. 
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To  experimentally  demonstrate  the  validity  of  the  above  approach,  a 
series  of  unnotched  5*6  mil  diameter  boron  reinforced  60bl  specimens  of  the 
LT-chordwise  orientation  were  tested  in  three  point  bend.  These  specimens 
were  tested  over  a range  of  span  to  width  (h/h)  ratios  by  varying  both  1,  and 
h.  The  resultant  load-deflection  traces  were  analyzed  utilizing  the  flexural 
interaction  diagram  approach.  Calculation  of  the  flexural  strength  of  each 
specimen  based  on  the  maximum  load  to  failure,  and  plotting  the  resultant 
values  as  a function  of  L/h  resulted  in  Fig.  11.  Ac  has  been  discussed  above, 
the  apparent  flexural  strength  is  a function  of  L/h,  and  only  for  large  values 
of  L/h  does  the  flexural  strength  reach  a constant  level.  The  sloping  line 
for  low  values  of  l/h  was  calculated  using  the  known  shear  strength  of  606l 
aluminum  and  agrees  well  with  the  observed  decrease  in  apparent  flexural 
strength.  The  actual  matrix  shear  strength  was  multiplied  by  a factor  of  1.15 
which  is  introduced  to  include  the  effects  of  constraint  due  to  the  Fibers 
present . 


It  is  interesting  to  compare  the  behavior  of  specimens  tested  in  differ- 
ent regions  of  the  interaction  diagram.  Figure  12  presents  the  load-deflec- 
tion traces  for  three  specimens.  Specimen  2317-1  exhibited  a large  degree  of 
plasticity  and  a very  round  curve.  Specimen  2320-1,  however,  with  a larger 
value  of  L/h,  failed  more  abruptly  and  with  less  energy  dissipated  by  plas- 
ticity. Finally,  specimen  2320-4  exhibited  no  signs  of  plasticity  at  all. 
These  modes  of  fracture  agree  well  with  the  behavior  expected,  i.e.,  shear 
controlled  or  flexural  strength  controlled,  as  shown  in  Fig.  11  depending  on 
L/h  value. 


Another  method  used  to  examine  the  effect  of  specimen  L/h  ratio  was  to 
determine  the  energy  required  to  raise  each  of  the  specimens  in  Fig.  11  to 
the  maximum  load  prior  to  failure.  This  value  is  less  than  the  total 
required  to  fracture  each  specimen  by  that  amount  reauired  to  propagate  a 
crack  through  the  system  (i.e.,  we  observed  stable  crack  growth).  When  the 
initial  energy  is  divided  by  the  total  volume  of  each  specimen,  a very  strong 
dependence  on  I,/h  is  evident,  Fig.  13-  In  the  flexural  strength  controlled 
region  (high  L/h),  this  value  reaches  the  theoretical  limit  calculated  for 
fully  elastic  behavior  as  shown  in  the  figure. 

The  same  type  of  dependence  on  L/h  is  true  for  the  testing  of  notched 
metal  matrix  specimens.  The  dal. a in  Figs.  14  and  15  were  obtained  previous 
to  this  study  at  UT'KC , Ref.  19;  however,  now  they  are  plotted  as  a function 
of  L/h.  Once  again  the  interaction  diagram  concept  provides  agreement 
between  calculation  (based  on  1100  matrix  shear  strength)  and  experimental 
data. 
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Because  of  the  above  noted  very  strong  dependences  of  composite 
performance  on  test  specimen  geometry,  it  is  unrealistic  to  try  and  rank 
composite  systems  simply  on  the  basis  of  a standard  Charpy  energy  value.  At 
least  this  is  true  if  one  wishes  to  achieve  more  than  just  a qualitative 
understanding  of  composite  behavior. 

B.  PENDULUM  IMPACT  OP  BORON  ALUMINUM 

The  following  sub-sections  will  describe  the  most  important  points 
derived  from  the  instrumented  pendulum  impact  testing  of  boron  fiber  rein- 
forced specimens.  The  data  will  be  presented  primarily  in  graphical  form, 
however,  tabulations  of  the  basic  data  are  also  included. 

The  major  observation  to  be  made  is  that  the  pendulum  impact  performance 
of  boron  reinforced  aluminum  composites  can  be  varied  over  a very  wide  range 
through  choice  of  matrix,  fiber  and  orientation.  Extremes  of  impact  ener- 
gies, for  standard  Charpy  specimens,  of  from  1 ft  lb  to  specimens  that  could 
not  be  fractured  by  a 260  ft  lb  pendulum  strike,  were  recorded.  The  control- 
ling factors  are  discussed  below. 

(l)  Matrix  Composition 

The  impact  data  obtained  by  testing  unidirectionally  reinforced  5.6  mil 
diameter  boron  reinforced  aluminum  matrix  composites  are  listed  in  Table  IT. 
The  comparison  of  LT-type  specimen  data,  Fig.  16,  indicates  the  role  of 
matrix  composition  and  strength  in  both  the  shear  controlled  (low  L/h)  and 
tensile  strength  controlled  (high  L/h)  regions.  The  lines  drawn  in  the  low 
L/h  regions  were  calculated  on  the  basis  of  matrix  alloy  shear  strengths  and 
found  to  agree  in  each  case  quite  well  with  the  experimentally  observed  speci- 
men strength.  The  maximum  load  (hence  specimen  strength)  withstood  during 
impact,  increased  with  increasing  matrix  strength.  It  is  interesting  to  note 
that  the  matrix  control  of  observed  flexural  strength  is  similarly  signifi- 
cant in  the  high  L/h  region.  The  increase  of  strength  with  increasing  matrix 
strength  was  unexpected,  at  least  to  the  degree  to  which  it  is  evident. 

Tensile  specimen  data,  Table  TIT,  for  axially  reinforced  specimens  did  not 
indicate  the  same  dependence  of  0°  tensile  strength  on  matrix  strength, 
although  previous  investigations  have  demonstrated  the  axial  composite 
strength  can  increase  with  increasing  matrix  strength. 

The  observed  ability  of  LT  type  specimens  to  dissipate  energy  during  , 
impact  and  fracture  was  also  strongly  dependent  on  composite  matrix  strength. 
In  this  case,  however,  increasing  matrix  strength  caused  a decrease  in  per- 
formance. This  is  best  demonstrated  by  discussion  of  the  oscilloscope  traces 
obtained  during  impact  and  the  resultant  specimen  deformations  observed. 
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(a)  LT  Type  5.6  Boron  Reinforced  1100 


1100  matrix  specimens  have  demonstrated  the  ability  to  dissipate  a 
large  amount  of  energy  in  the  LT  orientation,  however,  at  the  expense  of 
fracture  strength.  Figure  17  demonstrates  the  importance  of  impact  orienta- 
tion with  regard  to  the  tape  ply  planes.  Lxamination  of  Figs.  17  and  18 
demonstrates  that  interlaminar  shear  between  tape  plies  effectively  diverts 
the  fracture  path  and  dissipates  large  quantities  of  energy.  l.ittLc  change 
in  maximum  load  is  observed. 

Figures  19  and  20  demonstrate  the  differences  between  notched  and 
unnotched  specimens  with  large  h dimensions.  Both  specimens  sheared  off  at 
one  end  during  passage  through  the  impact  machine.  (The  sheared  off  end  was 
lost  for  the  notched  specimen).  Thus , in  both  cases  the  observed  energy  levels 
are  less  than  could  have  been  dissipated.  This  explains  the  anomaly  of  a 
lower  energy  value  for  the  unnotched  specimen  than  the  notched. 

The  load-time  traces  for  additional  specimens  of  decreasing  thickness  (h) 
in  both  notched  and  unnotched  condition  are  shown  in  Figs.  21,  22,  and  23-  In 
Fig.  21  the  unnotched  specimen  required  two  impacts  to  cause  fracture  and 
both  traces  are  shown  in  the  same  photo. 

(b)  LT  Type  5.6  Boron  Reinforced  6o6l 

The  606l  matrix  specimens  failed  at  considerably  higher  maximum  load 
(and  stress)  levels  than  the  previously  described  1100  matrix  specimens. 

This  was,  however,  accompanied  by  lower  values  of  energy  dissipation,  and  an 
shown  in  Fig.  24,  by  less  extended  load-time  traces.  One  interesting  anomaly 
occurred,  however,  in  Fig.  25.  The  unnotched  specimen  2287-3  exceeded  by 
139  lbs  the  maximum  load  of  similar  specimens  2287-2,4.  This  was  accompanied 
by  a very  large  amount  of  interlaminar  shear  and  do  luminal, ion  which  was.  imi 
typical  of  the  other  606l  specimens.  Fig.  26.  Specimen  3 indicates  crack 
diversion  and  link  up  with  the  cracks  emanating  from  the  zone  of  damage  in 
the  contact  region.  Specimen  4 also  exhibited  small  amounts  of  interlaminar 
failure,  however,  these  were  not  as  extensive  as  those  of  specimen  3-  The 
slightly  higher  maximum  load  apparently  succeeded  in  causing  the  extension  of 
interlaminar  cracks  and  the  more  gradual  decrease  in  load  with  time,  Fig.  25, 
due  to  effective  crack  blunting. 

(c)  LT  Type  5*6  Boron  Reinforced  2024  and  5052/56 

Both  2024  and  5052/56  matrix  type  specimens  exhibited  only  small  indica- 
tions of  plasticity  even  for  the  specimens  with  low  values  of  (T./h).  The 
instrumented  traces  indicate  only  a small  degree  oT  nonlinear U y,  Figs.  27 
and  28,  with  the  specimens  of  smallest  h exhiuiting  a completely  linear 
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behavior,  Fig.  29.  The  fractured  specimens,  Fig.  30,  clearly  indicate  this 
lack  of  extensive  plasticity  for  both  notched  and  unnotched  configurations. 
Absence  of  damage  in  the  region  of  contact  with  the  tup  is  also  noted. 

(2)  Fiber  Orientation 

The  dependence  of  composite  impact  performance  on  fiber  orientation  is 
even  greater  than  that  noted  above  for  matrix  strength. 

(a)  5.6  B - Uniaxially  Reinforced  Specimens 

As  indicated  by  the  data  in  Table  II  there  is  a very  large  decrease  in 
impact  load  and  impact  energy  by  changing  from  the  LT  to  the  IT  orientation. 
The  reasons  for  this  are  that;  firstly  the  matrix  is  so  highly  constrained  by 
the  fibers  that  it  can  not  exhibit  much  plasticity  during  failure  in  the  90° 
mode;  and  secondly  composite  transverse  strength  is  so  much  lower  than  axial 
strength. 

(b)  +15°  -5.6  Boron  Reinforced  1100 

Figure  31  presents  the  instrumented  impact  traces  for  +15°  reinforced 
specimens  with  an  1100  matrix.  Both  in  maximum  load  carrying  capability  and 
impact  energy  dissipation,  these  specimens  performed  in  a manner  similar  to 
LT  type  specimens.  Figure  32  illustrates  that  a considerable  amount  of  dela- 
mination took  place  as  well  as  the  shearing  off  of  one  end  of  the  specimen. 

(c)  j_22°  -5.6  Boron  Reinforced  1100,  6o6l  and  202l| 

The  load-time  traces  for  5-6  boron-1100  specimens  of  edgewise  and  chord- 
wise  orientations  are  compared  in  Fig.  33.  It  is  interesting  to  note  the 
higher  level  of  energy  dissipated  for  the  notched  specimen  which  delaminated 
more  severely  than  the  unnotched  specimen,  Fig.  34.  This  observation  is 
unexplained,  particularly  in  view  of  the  expected  higher  load  carrying  capa- 
city of  the  unnotched  specimen.  On  the  basis  of  maximum  stress,  however,  the 
notched  specimen  reached  a flexural  tensile  stress  of  102,000  psi  while  the 
unnotched  specimen  only'  reached  a level  of  84,000  psi.  The  edgewise  impact 
of  similar  specimens.  Figs.  3^  and  36,  resulted  in  much  higher  maximum  loads 
to  failure  but  also  lower  energy  dissipation.  The  photos  in  Fig.  36  show  the 
areas  of  contact  of  specimen  and  tup  illustrating  the  very  large  amounts  of 
local  damage. 

Figures  37  and  38  demonstrate  the  impact  behavior  of  thin  specimens  with 
varying  matrix  composition . The  2024  and  606l  matrix  composite  specimens 
exhibited  very  high  failure  strengths  while  the  1100  matrix  specimen  failed 
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at  a much  lower  strength  level.  The  level  of  energy  dissipated  was  not 
decreased,  however,  due  to  the  post  maximum  load  energy  dissipation  exhibited 
by  the  1100  specimen. 

The  +68°  orientaMon  was  also  tested,  Figs.  39  and  40,  and  found  to  be 
very  poor  in  impacs  tolerance.  Both  maximum  loads  and  energy  dissipation 
capacity  were  very  low.  It  is  interesting  to  note  that  specimen  2277-1  did 
not  fracture;  ductility  was  sufficient  to  permit  a large  amount  of  deforma- 
tion. 

The  data  for  these  specimens  are  tabulated  in  Table  IV. 

(d)  +4-5°  -5-6  Boron  Reinforced  1100,  6o6l  and  2024 

Figures  4l  and  42  illustrate  the  large  deformation  and  hence  energy 
dissipation  capacity  of  the  1100  matrix  with  +45°  fibers.  Both  chordwise 
and  edgewise  impacts  deform,  but  do  not  fracture,  the  specimens.  The  narrow, 
C-2231,  as  well  as  wide,  C-2226-1,  specimens  exhibit  this  capacity.  The  6061 
matrix  specimens  of  similar  orientation  also  exhibit  high  energy  dissipation 
capacity,  however,  this  is  accomplished  with  a very  significant  increase  in 
load  carrying  capacity,  Figs.  43,  44.  Similar  observations  can  be  made  for 
the  2024  matrix  composite  system,  Figs.  45,  46.  It  can  be  noted  that  for 
both  the  6061  and  2024  composite  specimen  types,  crack  propagation  was  more 
extensive  than  for  the  1100 matrix  system. 


The  data  for  these  specimens  are  tabulated  in  Table  V. 

(e)  3hell-Core  and  Distributed  Ply  Lay  Up 

A comparison  was  made  between  tv/o  different  methods  of  achieving 
multiaxially  reinforced  blade  structures.  ITie  first  scheme  was  to  have  the 
outer  shell  of  each  specimen  consist  of  45°  plys  and  the  inner  core  consist 
of  0°  plys.  The  second  arrangement  consisted  of  intermixing  these  plys  in 
the  shell  with  fewer  0°  plys  in  the  core. 

The  comparison  of  the  shell/core  and  distributed  ply  layup  schemes  is 
given  in  Table  LV  on  the  basis  of  pendulum  impact  testing.  As  might  be 
expected,  the  maximum  loads  exhibited  during  failure  were  highest  for  the 
distributed  ply  specimens  with  0°  plys  near  the  outer  specimen  surfaces. 

The  +45°/90°  specimens  of  the  dis' ributed  ply  type  were  also  significantly 
stronger  than  the  _^45°/90°  shell/core  specimens  and  at  present,  this  is  not. 
explainable.  In  contrast  to  this,  the  shell/core  specimens  consistently  dis- 
sipated larger  levels  of  energy  than  the  distributed  specimens.  The  load- 
tim»  traces  in  Fig.  47  illustrate  the  difference  in  performance.  The  shell 
core  spec  linen  failed  at  a fairly  high  initial  load  and  then  continued  to 


support  a lower  impact  load  as  the  + 45°  plys  deformed  to  the  point  of 
fracture.  In  contrast  for  the  other  lay  up  the  distributed  4‘3°  plys  were 
constrained  by  their  0°  neighbors  and  fracture  was  much  more  abrupt  after 
the  initial  load  drop.  This  caused  the  specimen  to  dissipate  far  less  energy. 

(f)  Angle  Ply  Comparison 

Flexural  strengths  obtained  by  calculation  based  on  1100  matrix  pendulum 
impact  data  are  presented  in  Fig.  48  as  a function  of  1,/h.  The  data  reported 
in  1973  (Ref.  19)  are  also  included  for  comparison.  The  drawn  line  in  the  low 
L/h  region  is  calculated  on  the  basis  of  1100  matrix  shear  strength  and  fits 
well  the  data  for  all  orientations.  In  the  higher  1,/h  regions  ^ he  data  sepa- 
rate into  groups  depending  on  the  true  flexural  strengths  of  each  composite 
type . 

(3)  Fiber  Diameter 

As  was  discussed  in  the  introduction,  previous  work  at  U'L'RC,  Ref.  1,  had 
demonstrated  that  the  use  of  larger  diameter  boron  fiber  can  cause  signifi- 
cant increases  in  composite  impact  energy  dissipation.  This  was  investigated 
further  in  this  study  through  the  reinforcement  of  1100  aluminum  with  8 mil 
diameter  boron  fiber.  Impact  data  are  presented  in  Table  VII.  Figures  4o  and 
50  demonstrate  the  very  large  capacity  of  8.0  mil  boron  reinforced  1100  matrix 
specimens  to  dissipate  energy.  The  initiation  and  propagation  of  the  crack 
is  effectively  blunted  by  interlaminar  shear  so  that,  as  shown  in  Fig.  50, 
shear,  delaniination  and  bending  prevent  f ran lure  of  the  specimens.  The 
unnotched  specimen  dissipated  a.  lower  level  of  energy  than  the  notched  speci- 
men due  to  the  shearing  off  of  one  end. 

Composites  with  a 6o6l  matrix  behaved  very  differently.  The  maximum 
loads  are  much  higher  than  those  for  1100  matrix  specimens,  however,  the 
energy  levels  dissipated  are  lower  and  actually  less  than  those  typical  of 
5.6  mil  boron  reinforced  specimens.  Fig.  51.  The  specimens  shown  in  Fig.  52  ■] 

demonstrate  this  low  energy  dissipation  capacity  by  exhibiting  little  or  no  j 

distortion,  ' 

The  superiority  of  the  1100  matrix  in  energy  dissipation  can  also  be  ; 

demonstrated  in  thin  specimens,  Fig.  53.  The  ability  to  sustain  load  after  : 

the  initial  peak  in  the  load-time  curve  is  the  reason  for  the  ^OO  composite 
superiority. 

The  results  of  tensile  testing  8 mil  boron-reinforced  composites  were  ! 

quite  disappointing,  Table  Vlll-A.  The  fiber  was  observed  to  split  in  trans- 
tensile  specimens  Fig.  54,  and  low  axial  strengths  were  generally 
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obtained.  As  a point  of  interest,  data  obtained  independently  at  UTRC  us inf; 
8 mil  boron  from  another  source  (Table  VII I -B)  gave  much  higher  axial  and 
transverse  composite  strength  values  and  did  not  show  any  signs  of  splitting. 
Impact  specimens  fabricated  and  tested  using  this  fiber,  however,  did  not 
demonstrate  the  same  high  levels  of  impact  energy  dissipation.  The  differ- 
ences in  tensile  and  impact  performance  noted  indicate  an  as  yet  unexplained 
fundamental  difference  between  these  two  fibers. 

(4)  Comparison  With  Unreinforced  Materials 


Because  unreinforced  titanium  alloys  have  exhibited  sufficient  FOD  tole- 
rance, impact  specimens  of  Ti-6Al-4v  were  also  tested  and  subjected  to  anal- 
ysis similar  to  that  described  previously  herein  for  boron  aluminum.  Speci- 
mens of  606I-T6  metal  were  also  tested  for  additional  comparison.  The  inter- 
action diagram  concept  was  used  to  analyze  the  data  obtained  for  these  two 
monolithic  unreinforced  metals.  Instrumented  impact  tests  were  performed  on 
specimens  having  a variety  of  notch  depths.  The  data  are  presented  in  Fig. 

55.  It  is  interesting  to  note  the  constant  level  of  flexural  strength 
obtained.  No  data  were  obtained  in  the  very  low  L/h  region  (where  a drop  off 
in  strength  might  be  expected)  due  to  specimen  size  restrictions.  Therefore, 
the  extensions  of  the  drawn  curves  into  this  region  are  conjecture  and  were 
calculated  for  the  sake  of  completeness.  The  value  of  observed  flexural 
strength  for  these  materials  was  found  to  be  quite  high  and  correspond  to 
between  2.5  and  2.9  times  the  tensile  yield  strength  of  the  alloys.  This  is 
not  unreasonable  in  the  presence  oi  the  notch  constraint, , however,  a more  usual 
method  to  represent  metal  resistance  to  crack  growth  is  by  use  of  fracture 
mechanics.  Therefore,  values  of  KJD  were  also  calculated  for  several  of  these 
specimens  using  standard  fracture  mechanics  formulations.  These  values  are 
given  in  Table  IX  along  with  data  available  from  a standard  handbook  for  com- 
parison. The  herein  obtained  values  in  both  cases  exceed  the  literature  data. 
This  is  probably  due  to  the  fact  that  full  constraint  is  not  obtained  in  the 
Charpy  specimen  thickness  as  well  as  the  fact  that  the  Charpy  notch  is  fairly 
blunt. 


The  load-time  traces  for  full  sized  notched  and  unnotched  Ti-6Al-4v 
specimens  are  given  in  Fig.  56.  Cumulative  energy  dissipated  as  a function 
of  time  is  also  given  for  both.  As  illustrated  by  the  tested  specimens  in 
Fig.  57,  it  is  clear  that  the  notched  specimen  failed  in  a fairly  brittle 
manner  while  the  unnotched  specimen  deformed  to  a very  large  extent,  and 
could  not  be  fractured  using  the  260  ft-lb  impact  machine.  Narrow  shear  lips 
on  the  notched  specimen  outer  edges  indicate  the  low  level  of  local  plas- 
ticity. The  load-time  traces  of  notched  specimen  performance  with  decreasing 
specimen  width  (h)  are  shown  in  Figs.  58  and  59>  indicating  small  amounts  of 
plastic  deformation  at  the  maximum  loads  prior  to  failure.  All  specimens 
failed  at  the  notch  with  signs  of  extensive  plasticity. 
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Figure  60  compares  the  data  obtained  for  the  unreinforced  metals  with 
composite  data.  As  has  been  shown  in  the  past,  in  several  fracture  mechanics 
programs,  the  energy  dissipated  in  fracturing  a notched  unreinforced  inetal 
3-point  bend  specimen  varies  linearly  with  net  specimen  width  (h).  Both  the 
Ti-6Al-4v  and  606l-l6  demonstrate  this.  When  compared  with  5.6  boron  rein- 
forced 1100  material,  which  also  displays  a linear  dependence,  it  is  observed 
that  large  differences  which  exist  for  large  values  of  h disappear  in  the 
small  h regime.  The  fact  that  the  order  of  superiority  may  reverse  in  the 
small  h region  may  be  of  particular  importance  for  thin  blade-like  structures. 

C.  PENDULUM  IMPACT  OF  BORON  - ALUMINUM  - f ITANIUM 

Boron  fiber  (5.6  mil  diameter)  reinforced  1100  aluminum  matrix  composites 
were  fabricated  with  the  added  reinforcement  of  Ti-6Al-4v  foils.  These  foils 
were  0.003  in.  thick  and  improved  both  the  off  axis  tensile  strength  and 
impact  resistance  of  the  base  composites.  The  Ti-6Al-4v  foils  were  inter- 
spersed with  the  layers  of  jj/Al  tape.  Two  sets  of  composites  were  fabricated. 
Specimens  2384,  2385,  and  2386  were  assembled  with  one  layer  of  Ti  foil  for 
each  twc  layers  of  tape,  as  well  as  on  both  composite  surfaces,  while  compos- 
ites 2387  and  2388  consisted  of  one  layer  of  Ti  for  every  three  layers  of 
tape  and  again  foil  on  both  outer  composite  surfaces. 

The  data  obtained  from  the  TL-6A1-4'/  foil  enhanced  R/Al  specimens  arc' 
presented  in  Table  X and  Fig.  6l.  The  ma/jor  improvement  in  impact  performance 
for  these  specimens  occurred  when  testing  in  the  off-axis  (TT)  orientation. 
Both  energy  and  maximum  load  values  were  considerably  higher  than  those  of 
uniaxially  reinforced  B/Al  alone,  it  is  interesting  to  note  that  most  of  the 
specimens  tested  did  not  fracture  completely  due  to  the  added  titanium  foils. 
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A major  difference  was  found  to  exist  between  the  chord  and  edge 
orientations  of  these  specimens,  Fig.  62.  The  lower  interlaminar  shear 
strength  of  the  former,  due  to  the  continuous  layers  of  aluminum  available 
for  shear,  cause  both  a low  maximum  impact  load  arid  a high  impact  energy. 
Chordwise  failure  is  strongly  related  to  1100  aluminum  matrix  shear  and,  as 
can  be  seen  in  Fig.  6l  the  strength  of  specimens  in  the  low  h/h  region  agrees 
well  with  calculations  based  on  1100  aluminum  shear  strength.  The  edgewise 
specimen  tested  failed  at  a much  higher  stress  level  due  1o  the  importance  of 
the  Ti  foils  in  preventing  interlaminar  shear  in  this  orientation.  Figures 
63  and  64  are  additional  load-time  traces  for  specimens  of  higher  L./h  values 
in  both  the  I,T  (chordwise)  and  TT  oriental, j ons . The  addition  of  the  titanium 
foils  has  improved  considerably  the  TT  specimen  performance  over  that  of 
uniaxial  B/Al  botlr  from  energy  and  maximum  sustained  load  points  of  view. 
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D.  PENDULUM  IMPACT  OF  RORETC  REINFORCED  T TTANTU!! 


The  pendulum  impact  testing  of  5.7  mil  Borsic  uniaxially  reinforced 
Ti-6Al-4v  specimens  revealed  that,  in  all  orientations  and  geometries,  the 
overall  ability  to  dissipate  energy  was  considerably  less  than  that  of  both 
boron  reinforced  aluminum  and  boron  aluminum  titanium.  Table  XI,  contains 
the  data  for  the  impact  specimens  tested  and  includes  materials  supplied  by 
TRW  and  also  specimens  fabricated  at  UTRC.  The  data  obtained  for  uunotclied 
and  notched  (with  a sharp  Charpy  notch)  specimens  were  used  to  calculate  a 
flexural  interaction  diagram.  Fig.  65.  The  maximum  load  data  reported  in 
Table  XI  for  standard  sized  Charpy  specimens  indicated  a very  high  load 
carrying  capability  for  Eorsic-titanium  as  compared  with  b/A1.  As  can  be 
seen  from  Fig.  65,  however,  this  was  simply  due  to  the  fact  that  specimens 
were  well  away  from  the  L/h  region  in  which  shear  failure  would  be  expected 
to  occur.  In  actuality,  a level  of  flexural  strength  of  240, 000-280, 000 
psi  is  slightly  lower  than  that  for  5.6  boron/606l  of  the  same  orientation. 
The  tensile  data  for  both  UTRC  and  TRW  fabricated  materials  are  presented  in 
Tables  XII  and  XIII.  As  would  be  expected,  the  levels  of  axial  strength 
measured  were  also  somewhat  less  than  those  of  5-6b/6o61,  Table  III,  in 
agreement  with  the  flexural  diagram  analysis. 


A comparison  with  5.60/1100  on  the  basis  of  energy  dissipated  as  a 
function  of  specimen  geometry,  Fig.  66,  reveals  that  for  large  values  of  h 
(e.g. , low  values  of  L/h)  the  aluminum  matrix  composite  is  far  superior.  At 
the  lower  values  of  h,  however,  where  the  deformation  of  aluminum  contributes 
little  to  overall  specimen  faiiure,  the  values  of  energy  become  comparable. 

In  this  region  the  primary  contribution  to  energy  dissipation  is  through 
elastic  deformation  and  fracture,  and  since  both  systems  exhibited  nearly 
the  same  flex  strength  (Figs.  16  and  65),  this  convergence  of  performance  is 
to  be  expected. 


Instrumented  impact  traces  for  several  composite  specimens  are  presented 
in  Figs.  67  and  68.  The  5-7  Porsic  reinforced  titanium  specimens  of  the 
chordwise  orientation  exhibited  a marked  duplex  load  trace  with  a sharp  drop 
from  maximum  load  followed  by  a plateau  prior  to  final  failure,  Fig.  67. 

This  was  not  true  of  the  edgewise  specimens  Fig.  68,  which  failed  abruptly 
after  the  maximum  load  had  been  achieved.  Examination  of  the  specimen  frac- 
ture surfaces  indicated  that  interlaminar  failure  occurred,  on  a small  scale. 
In  the  chordwise  specimens  and  not  in  the  edgewise.  It  is  not  clear  as  to 
whether  this  interply  failure  occurred  prior  to  or  during  gross  crack  propa- 
gation. In  all  cases  chordwise  specimens  failed  at  flexural  stress  levels 
slightly  below  those  of  edgewise  specimens  which  may  indicate  some  interply 
failure  prior  to  final  fracture.  The  net  effect  of  I Ills  lower  interply 
strength  was  to  increase  the  total  energy  required  to  fail  a specimen  by 
making  crack  propagation  more  difficult.  Edgewise  specimens  dissipated  only 
approximately  75  percent  of  the  energy  typical  of  chordwise  specimens. 
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E.  BALLISTIC  TESTING 

On  the  basis  of  the  data  obtained  by  pendulum  impact  testing,  a series 
of  composites  was  selected  for  ballistic  impact  testing.  Matrices  of  6o6l, 
1100,  Ti-6Al-4v,  and  hybrid  aluminum-titan ium  were  selected  to  make  compari- 
sons on  the  basis  of  matrix  plasticity  and  shear  strength.  In  addition, 
both  5.6  mil  and  8.0  mil  diameter  fibers  were  utilized  as  well  as  orientation 
of  +45/0,  +22,  and  0.  Because  of  the  very  important  effect  of  specimen  geom- 
etry noted  during  pendulum  impact,  comparisons  were  made  between  cantilevered 
and  simply  supported  specimens  whenever  possible. 

The  ballistic  test  data  are  presented  in  Tables  XIV,  XV,  and  XVI.  In 
each  case  the  specimen  numbers  and  descriptions  are  given,  along  with  a series 
of  projectile  impact  velocities.  Resultant  specimen  condition  is  indicated, 
in  each  case,  by  a notation  beneath  each  of  the  impact  velocities. 

The  data  in  Table  XIV  are  for  multiple  impacts  of  specimens,  which  wore 
performed  to  attain  an  indication  of  the  relative  damage  tolerances  of  each 
material.  The  remaining  tests,  Tables  XV  and  XVI,  were  then  performed  using 
only  one  impact  per  specimen. 

(l)  Matrix  Composition 


As  in  the  case  of  pendulum  impact,  matrix  composition  (matrix  shear 
strength)  was  an  important  determinant  of  composite  performance.  As  an 
example  one  can  compare  the  performance  of  +22°  oriented  specimens  reinforced 
with  5.6  mil  boron,  Fig.  69.  In  this  series  of  cantilevered  tests  the  b/6061 
specimens  deformed  much  less  than  B/llOO  specimens.  The  b/6061  specimens 
also  failed  at  the  root  after  an  impact  at  936  fps  while  the  p/1100  spec mens 
did  not  fail  until  a velocity  of  1297  fps  was  reached  and  then  failure 
occurred  at  the  point  of  impact.  The  very  large  capacity  of  the  R/llOO 
specimens  to  deform  relieved  the  buildup  of  high  tensile  stresses  in  the  root 
area  while  the  higher  shear  strength  b06l  matrix  specimens  could  not  achieve 
the  same  relief.  So,  on  the  basis  of  survivability  in  this  cantilever  test, 
it  could  be  stated  that  1100  matrix  specimens  appear  to  be  more  F0D  tolerant 
than  606l  matrix  specimens.  Of  course,  one  should  also  consider  the  excessive 
amount  of  deformat, ion  which  took  place  in  the  case  of  the  B/llOO  specimens 
which  could  be  undesirable  for  fan  blade  performance. 


It  is  also  interesting  to  not  e for  the  cant  ilevered  tests  t hat  both  4 he 
Gobi  and  1100  matrix  specimens  exhibited  approximately  the  same  tolerance  for 
local  damage.  The  B/6061  specimens  failed  completely  at  the  point  of  impact 
(FI)  at  1233  fps  while  the  B/1L00  specimens  failed  at  this  location  at  1297 
fps . 
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A similar  survivability  ranking  in  Use  case  of  the  simply  supported 
beam  test  geometry  (Fig.  70)  would  reverse  the  order  of  preference.  In  this 
case  the  B/6o6l  specimens  failed  at  approximat ely  1160  fps  while  t lie  p/1100 
specimens  failed  at  a lower  velocity  of  941  fps.  Hie  B/'llOO  specimens  are 
delaminated  and  heavily  deformed  at  the  region  of  failure  (which  corresponds 
to  the  region  of  impact)  and  it  appears  that  the  deformation  capacity  of  the 
system  had  been  locally  exceeded.  The  higher  shear  strength  6061  matrix 
specimens,  however,  did  not  delaminate  and,  because  high  tensile  stresses 
were  not  generated  near  a retention  in  this  test  geometry,  they  deformed 
under  the  point  of  impact  until  final  failure. 


Thus,  from  the  above  it  is  clear  that  material  ranking  canrot  be  stated 
without  regard  for  the  test  geometry  used.  It  is  also  anticipated  that  if 
the  cantilevered  specimens  had  been  impacted  at  several  different  positions, 
to  alter  the  ratio  of  root  tensile  stresses  to  local  tensile  and  shear 
stresses,  a variation  of  material  ranking  could  occur  for  just  cantilevered 
specimens.  The  relationship  of  these  test  results  to  fan  blade  considera- 
tions is  also  very  difficult  to  clearly  define.  Depending  on  blade  design 
and  location  of  impact,  a wide  variety  of  stress  s.l, al.es  can  he  generated  by 
FOD  events  which  could  resemble  either  of  the  herein  described,  or  other, 
ballistic  tests. 


(2)  Borsic  Reinforced  Titanium 


Both  types  of  Borsic-reinforced  titanium  specimens  (heavily  clad  and 
unclad)  behaved  like  the  B/6061  specimens  described  above.  They  failed  at  the 
root  location  for  the  cantilevered  tests  and  showed  minimal  deformation  in 
this  configuration  (Fig.  72).  In  the  simply  supported  test,  however,  they 
exhibited  a very  high  resistance  to  failure  and  deformed  a great  deal.  Again, 
this  is  due  to  the  ability  to  generate  higher  ratios  of  shear  to  tensile 
stress  in  the  simply  supported  configuration.  The  B0RS1C-Ti  specimens  with 
0.012  in.  of  Ti  on  each  face  were  among  the  most  impact  resistant  of  all  the 
specimens  tested.  The  large  amount  of  Ti  on  the  surface  is  clearly  the 
reason  for  this  performance  advantage. 


(3)  Boron-Aluminum-Titanium 


Specimens  2473-74  and  2475-70  were  constructed  with  outer  layers  of  ii 
over  a uniaxial  core  of  B/1100.  these  specimens,  in  the  can1 Hover  lords, 
behaved  in  a manner  remarkably  similar  to  fee  BOR:! IC- titanium  specimens  hav- 
ing equivalent  thickness  Pi  surface  layers  (!•’ !g.  72) . '1  hoy  failed  at  the 

root  at  velocities  in  the  same  range.  The  rimpl,.  support  ed  specimens,  how- 
ever, failed  at  much  lower  velocities  than  -he  similar  PORT  I't-Ti  specimens. 
This  relates,  again,  to  1 he  poor  performance  of  1 lie  1100  matrix  material  in 
the  s imply  supported  test.  The  local  shear  s* resr.es  and  extensive  interlam- 
inar deformation  exceed  the  capacity  of  the  1100  aluminum.  This  is  most 


pronounced  in  the  simply  supported  (h.f.)  cenfigural ion  because  the  ratio  of 
maximum  shear  stress  to  maximum  tensile  stress  for  a f..'.  beam  is  twice  that 
of  a cantilevered  beam  of  the  same  dimensions.  Lt  would  appear  that  for  the 
construction  of  future  hybrids  of  this  type,  a higher  strength  6001,  2024,  or 
5052/5056  matrix  should  be  used. 

(4)  Fiber  Diameter 

Three  sets  of  ballistic  specimens  were  fabricated,  and  tested  in  the 
cantilevered  conf iguration  using  8.0  mil  diameter  boron  in  the  1100  matrix. 

As  would  be  expected  from  the  pendulum  impact  data,  these  specimens  all 
exhibited  high  levels  of  deformation.  Figs.  73,  74.  by  cladding  a uniaxially 
reinforced  composite  with  0.015"  thick  surface  layers  of  it  was 

possible  to  achieve  the  most  impact  resistant  composite  of  the  entire  pro- 
gram. The  comparison  between  8 mil  and  5*6  mil  boron  reinforced  1100,  in  the 
+22  orientation,  indicates  that  little  if  any  advantage  is  achieved  with  the 
larger  diameter  fiber.  Comparison  of  Figs.  69  and  73  indicates  that  both 
composite  types  exhibit  large  amounts  of  deformation  prior  .,0  failure  at  both 
impact  site  and  root.  The  magnitude  of  the  differences  between  the  above 
\ specimens  is,  however,  somewhat  clouded  by  the  variation  in  thickness.  It  is 

I likely  that  this  effect  is  at  least  linear  and,  in  fact,  may  go  as  the  square 

of  the  thickness,  in  which  case  ranking  may  change.  Again,  geometry  effects 
become  every  bit  as  iinpc  rtant  as  material  iTIVrl,::, 


IV.  S UMIAK Y AND  CONCLUSIONS 
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The  initial  purpose  of  this  program  was  to  achieve  a metal  matrix 
composite  with  optimum  impact  resistance.  It  has  been  demonstrated,  however, 
that  a material  fabrication  and  test  program  cannot  achieve  this  goal  in  a 
simple  "build  and  bust"  manner.  Metal  matrix  composites,  because  of  their 
multiplicity  of  failure  mode.-,,  can  exhibit  a wide  range  of  impact  tolerance 
depending  on  not  only  material , but  also  imposed  stress  state. 

The  major  test  technique  utilised  during  this  program  was  a three  point 
bend  instrumented  pendulum  impact  procedure,  based  on  the  standard  Charpy 
impact  test.  This  test  technique  provides  not  'inly  the  total  energy  dissipated 
by  a specimen  during  impact,  but  also  a continuous  record  of  the  load  applied 
to  the  specimen  throughout  the  impact  event.  It  was  this  ability  to  charac- 
terise the  loading  history  of  an  impacted  specimen  which  led  to  the  use  of 
the  interaction  diagram  concept  to  describe  the  impact  load  tolerance  of 
composite  and  also  monolithic  material  specimens.  Based  on  a simple  beam 
analysis,  used  in  the  past  to  reconcile  specimen  geometry  and  material  vari- 
ables in  the  short  beam  shear  test,  it  was  possible  to  demonstrate  that 
measured  material  impact  resistance  is  significantly  i n I'l.ueii'-ed  i.y  applied 
stress  state.  It  is  the  interaction  of  this  imposed  stress  state  with  the 
multiple  failure  modes  of  the  composite  specimens  which  then  determined  com- 
posite behavior.  Composite  specimens  which  were  fabricated  to  have  a small 
(L/h)  ratio  of  span  length  (L)  to  width  (h)  were  subjected  to  a large  ratio 
of  maximum  applied  shear  stress  to  fiexural  stress.  These  specimens  would 
tend  to  deform  in  shear  prior  to  extensive  crack  growth  and  the  maximum  load 
sustained  during  impact  would  be  controlled  by  the  shear  strength  of  the 
matrix.  Such  specimens  would  frequently  appear  highly  deformed  after  impact 
and  very  large  levels  of  impact  energy  were  usually  dissipated.  In  contrast, 

specimens  of  the  same  composite  material  could  be  made  to  behave  in  a fully 

elastic  manner  during  impact  by  ter  ting,  with  a much  larger  (L/h)  ratio.  The 

uppermost  specimen  in  Fig.  8 illustrates  the  test  specimen  geometry  while  the 

load-deflection  traces  in  Fi:-.  12  demonstrate  the  very  significant  variation 
possible.  A single  composite  material,  in  this  case  5.6  mil  boron  reinforced 
6o6l  can  exhibit  a significant  variation  in  load-deflection  history.  With  an 
L/h  ratio  of  3.8  the  material  is  capable  of  large  scale  deformation  prior  to 
crack  growth  and,  when  crack  growth  does  occur,  it  occurs  in  a controlled 
manner,  i.e.,  additional  increments  of  energy  must  be  supplied  to  continue 
crack  growth.  In  contrast,  the  very  same  material  tested  with  an  L/h  ratio 
of  21. U,  exhibited  no  evidence  of  plasticity  and  complete  specimen  fracture 
occurred  utilising  the  clastic  energy  stored  in  the  specimen  and  tost,  sys- 
tem prior  to  instability.  Figures  11  and  12  further  demonstrate  the  point. 
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For  Fig.  11,  the  maximum  load  sustained  by  each  specimen  was  converted  to 
the  maximum  applied  flexural  stress,  and  plotted  as  a function  of  (L/h). 

Only  for  values  of  (L/h)  greater  than  approximately  11  was  there  the  expected 
constancy  of  composite  tensile  strength.  Below  this  value  matrix  shear 
determined  specimen  s trength.  Similarly,  it  is  shown  in  Fig.  13  that  for 
(L/h)  values  less  than  11  the  energy  per  unit  volume  required  to  raise  speci- 
mens to  their  maximum  load  prior  to  fracture  is  well  above  that  required 
elastically. 

Thus  it  was  demonstrated  that  the  interaction  between  applied  stress 
state  (which  is  controlled  by  test  configuration)  and  composite  failure  modes 
(which  are  controlled  by  composite  failure  criteria)  both  determine  overall 
composite  response.  No  one  single  test  can  be  used  to  determine  a fundamen- 
tal quantity  which  characterizes  material  impact  tolerance.  It  was  shown 
that  the  combined  use  of  interaction  diagrams  Figs.  10,  11,  l4,  15,  l6,  48, 

6l,  65  and  energy  dissipation  vs  (h)  diagrams,  Figs.  G 0,  G(>  provides  a much 
more  complete  picture  of  the  impact  tolerance  of  composite  specimens.  In 
addition,  comparisons  can  be  made  with  existing  engineering  materials. 

The  second  test  technique  used  to  evaluate  Impact  resistance  was  a 
ballistic  test.  Small  RTV  cylinders  were  fired  over  a range  of  velocities 
at  composite  specimens.  Once  again,  to  point  out  the  importance  of  test 
geometry,  specimens  were  held  in  both  simply  supported  and  cantilevered  con- 
figurations. Impact  tolerance  was  then  judged  on  the  basis  of  the  projec- 
tile velocities  required  to  cause  visible  damage  and  fracture  of  the  speci- 
mens. As  in  the  case  of  the  pendulum  impact  test,  specimen  behavior  was 
related  to  both  the  material  and  the  test  geometry.  It  was  shown  that 
relative  material  rankings  could  be  altered  by  changing  the  test  procedure 
and  again,  higher  levels  of  plasticity  and  specimen  deformation  were  obtained 
for  test  configurations  which  maximized  applied  shear  stx’esses  and  minimized 
beam  surface  flexural  stresses. 

One  of  the  most  important  points  4 be  noted  from  this  study  is  that 
very  substantial  changes  in  composite  performance  can  be  achieved  by  changing 
material  composition  and  layup.  Levels  of  energy  dissipation  can  exceed  those 
of  monolithic  aluminum  and  titanium  alloys,  if  these  materials  are  constrained 
to  fail  locally,  i.e.,  in  the  presence  of  stress  raisers  such  as  a notch. 
Composites  containing  low  shear  strength  matrices  such  as  1100  aluminum,  with 
high  strengtti  fibers,  cause  extensive  shear  deformation  to  take  place  over 
large  volumes  of  matrix  material.  The  use  of  larger  diameter  fibers,  of 
high  strength,  provides  both  longer  transfer  lengths  and  more  massive  inter- 
fiber matrix  areas  for  shear  deformation  to  take  place.  For  this  reason, 
of  the  uni  axially  reinforced  composites,  8 mil  boron  reinforced  llof)  dissi- 
pated the  highest  levels  of  energy.  This  abili ty  to  deform  also  extends  over 
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a large  range  of  (L/h)  values.  It  is,  however,  obtained  at  the  expense  of 
composite  maximum  load  carrying  capability.  Thus  1100  matrix  specimens  will 
deform  tinder  a lower  threshold  impact  event  than  comparable  6o6i , 0024  or 
even  Ti-6Al-4v  matrix  specimens.  Piirther,  it  is  only  by  deformation  that  1100 
matrix  composites  can  indicate  a superiority  over  higher  shear  strength 
matrix  composites.  Thus,  increased  resistance  to  catastrophic  failure  and 
material  separation  can  be  achieved  by  paying  the  penalty  of  structural  defor- 
mation. Clearly,  in  the  case  of  close  tolerance  aerodynamic  structures  such 
as  fan  blades,  a careful  balance  must  be  achieved  between  threshold  level  and 
deformability. 

A highly  deformable  matrix  can  also  provide  a benefit  in  reducing  the 
stresses  transmitted  to  other  areas  of  a fan  biade  removed  from  the  point  of 
impact.  Thus,  the  choice  of  air  foil  deformation  threshold  must  be  chosen 
in  light  of  the  blade  root  retention  construction.  Blade  designs  incorpora- 
ting high  strength  retention  schemes  will  likely  permit  the  use  of  higher 
shear  strength  matrices  in  the  air  foil. 

The  use  of  Ti-6Al-4v  foils  to  hybridize  aluminum  matrix  specimens  was 
shown  to  be  an  effective  way  to  increase  ballistic  impact  tolerance.  It 
was  also  shown,  however,  that  since  the  titanium  foils  are  essentially  bonded 
together  with  interlayers  of  aluminum  alloy,  in  the  presence  of  high  inter- 
laminar shear  stresses  (effectively  low  L/n  region)  composite  performance  is 
once  again  controlled  by  the  aluminum  matrix. 

The  all  titanium  matrix  composite  system  was  shown  to  behave  in  a less 
ductile  manner  due  to  the  very  high  shear  strength  of  the  matrix.  Tims,  of 
all  the  systems,  this  one  dissipated  the  lowest  levels  of  energy  over  the 
largest  range  of  L/h  values.  It,  however,  has  one  significant  advantage. 

It  can  be  bonded  to  a surface  layer  of  titanium  by  a very  high  shear  strength 
bond.  During  impact  this  lowers  the  effective  flexural  stresses  on  the  com- 
posite and,  most  significantly,  provides  a very  effective  F0D  tolerant 
cladding. 

From  the  above  it  can  be  concluded  that  the  achievement  of  the  maximum 
FOD  tolerance  in  a structure  will  require  knowledge  about  both  overall 
material  performance  and  the  stress  state  during  operation  and  impact.  Ulti- 
mate success  without  both  of  these  will  not  he  impossible,  however,  it  will 
be  fortuitous. 


V.  FUTURE  DIRECTIONS 


The  following  are  areas  in  which  future  research  should  be  conducted  to 
improve  the  FOD  tolerance  of  metal  matrix  composite  materials  and  fan  blades 
fabricated  out  of  these  composites. 

* Additional  laboratory  scale  testing  should  be  performed  to  provide 
a technique  which  will  provide  meaningful  quantitative  data  charac- 
terizing the  impact  resistance  of  composites.  The  results  of  this 
program  are  a first  step  along  this  line. 

* Ballistic  testing  of  specimens  closely  resembling  the  intended  fan 
blade  application  should  be  pursued.  Tin-  choices  el'  specimen  and 
test  geometries  are  critical  and  should  be  based  on  probable  real 
blade  design  concepts.  The  data  obtained  from  this  type  of  test  are 
necessary  to  assess  the  validity  of  any  laboratory  test  procedures. 

* Because  of  recent  advances  made  in  the  low  cost  fabrication  of  metal 
matrix  composites,  emphasis  should  be  placed  on  evaluating  the  impact 
tolerance  of  materials  made  by  these  new  procedures.  Future  fan  blades 
will  have  to  combine  low  cost  and  FOD  tolerance. 
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Table  III 

Tensile  Test  Data 
5.6  mil  Boron-Heinforced  Aluminum 
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Table  III  (Cont'd) 
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Table  IX 


Calculated  Kjj)  Values  for  Charpy 
V-Notch  Specimens 


Material 

Total  Crack 
Length 

Total  Specimen 
Width 

Maximum 
Failure  Load 

k1D 

(in) 

(in) 

lbs 

ksi/in. 

6061-T6 

0.0  79 

0.39^ 

1670 

31.6 

o.itu 

0.39>4 

835 

30.0 

Handbook  Value*  26. 5 

Ti-oAl-UV 

0.079 

0.39^ 

6500 

123.0 

0.17U 

0.39^ 

3^30 

123.0 

Handbook  Value*  96. 0 

“Damage  Tolerant  Design  Handbook  MCIC-HD-01 
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Table  7.1  ( Coni' d) 


t 


t 


Post 


v/o 

Het 

Impact 

Maximum 

Impact 

Composite 

Orientation 

Fiber 

Ifotch 

Width 

Energy 

Load 

Condition 

(in.  ) 

l't-lbs 

lbs 

Z 

2U72-1 

LT-Chord 

^9 

no 

0.133 

1.9 

823 

2 pieces 

| 

-2 

LT-Chord 

IJo 

0.132 

1.7 

711 

• 

2l*70a-l 

LT-Chord 

^5 

Ho 

0.06)1 

1.3 

178 

j) 

b-1 

LT-Chord 

Ho 

0.062 

1.1 

1 6L 

c-1 

LT-Chord 

Ho 

0.062 

1.0 

16)4 

, 

* The  notches  machined  into  these  specimens  were  0.079  in.  deep,  however, 
due  to  the  use  of  the  wrong  cutting  wheel  they  were  flat,  bottomed  - 
not  V-shaped. 

**  Spec.  129,  139,  1^1  and  178  were  obtained  from  TRW. 

***  Specimens  of  set  lUl  all  had  extra  0.012  in.  thick  layers  of  Ti-3Al-2  1/2  V 
on  each  surface. 
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Table  XIII 


Tensile  Properties  of  5.7  Bubble  Uniaxially 
Reinforced  Ti-6Al-UV 
( THU ) 


,-c  l IluinLor 

Ori  entu'.ion 

l.‘ 

UTS 

I0b  psi 

10 3 psi 

i'll-  12'.)-  i 

-1 

0° 

38.0 

lit  5-8 

_2 

0° 

39.0 

118.0 

-3 

0° 

- 

135.0 

-1* 

90° 

31.5 

53.8 

-5 

90° 

33.2 

62.7 

-u 

90° 

- 

6!t.O 

-7 

90° 

- 

61t.  9 

Sii-l4l-3* 

-i 

0° 

31.2 

132.0 

_ • ) 

0° 

33.0 

128.0 

<0  ex true  tea  fibers 

- u v,--.  UT;1  = (33li 

*_  125)  x 103 

-l. 

90° 

27.U 

67.3 

-5 

90° 

22.8 

69 . 3 

-6 

90° 

- 

65.2 

-7 

OQ° 

_ 

62 . 1 

•Total  sped r.en  tb i oi.nejs  w:u:  0.0i<£  in.  with  O.Oi.?  in.  of  Ti-j-3  1/2 
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Table  XIV 


1 

i 

| 


Cantilevered  Ballistic  Impact  Specimens 
(Multiple  Impact  per  Specimen) 


Velocity  (ft/sec)  and  Damage 


Specimen 

Material 

Zl 

V_2 

II 

Zl 

Zn 

Zi 

2419-2420 

5 . 6B/6061 

126 

186 

331 

1+83 

698 

884 

1746 

(+45/03]2 
t = 0.070  in. 

NV 

NV 

D 

D 

D 

D 

F-I-R 

2422-2424 

5. oB/1100 

129 

282 

1+67 

71  8 

91  0 

[ ^4  5 / 0 3 ] 2 

nv 

NV 

NV 

D 

F-R 

/ 

t = 0.067  in. 

( Incomplete 

1 

Fracture ) 

k 

| 2427-2428 

5 . 6B/6061 

158 

339 

721 

858 

1238 

t 

[+i»5/03]2 

NV 

NV 

D 

D 

F-R 

^ l 

t = 0.067  in. 

T - 

SN-129-2 

5.7  BORSIC 

133 

173 

376 

714 

i 

Ti-6A1-1+V 

NV 

NV 

D 

F-R 

1 

t = 0.052  in. 

**  I 

21+79 

5 . 6B/6061 

188 

1+38 

692 

8I+1 

1122 

[+22] 5 

NV 

NV 

NV 

DI 

FR 

* | 

t = 0.069  in. 

i 

* 

’ 2480 

5.6B/1100 

196 

4 1+0 

694 

870 

903 

I 

[+22] 5 

t = 0.066  in. 

NV 

D 

D-DI 

D-DI 

D-DI 

* 

i ) 

% 

, * 

21+73-71+ 

5. OB/1100 

5 32 

004 

088 

■ '• ? 

0° 

DI 

Di 

DI 

* i*  0.003  in.- 

Ti-6Al-4v 
on  each  face 
t = 0.053  in. 


] 
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) 

<\ 


2719-2720 

9.6B/0O0I 

1»Y 

383 

7.19 

17  37 

1+119/03].; 

t = 0.070  in. 

tlV 

11 V 

I) 

F-T-R 

2722-2727 

9 . 6H/.1 100 

1 b6 

381 

687 

1 1 32 

l +1*  9/0  3 1 ;i 
t = 0 . Ob 7 i n . 

:jv 

D 

D 

F-I 

2727-2+28 

9 . 6B/bObj 

202 

390 

607 

718 

[ +379/03)3 
t = O.ObY  in. 

KV 

I) 

1) 

D 

SIi-129-2 

9.7  BOHOTC 

1 72 

:j  27 

360 

67  7 

Ti-GAl-li  V 
t = 0.092  in. 

h’V 

ii  V 

H V 

F-R 

2779 

9.6B/6061 

706 

713 

936 

•1  076 

t = 0.069 

D-DI 

D-Dl 

D-FR 

D-FR 

i 

i 


t 


2780 


2773-77 


2*75-76 


9 . 6li/2 1 00 
[+22]  5 
t = 0.0 6b 

5. bB/ 11 00 
0° 

0.003  in.  - 
Ti-CAl-7  7 
on  each  face 
t = 0.093  in. 


8>>8 
D-D  I 


9'M)  ill'..  !.'9i'  .1 3- '■'* 

L -1)1  CH-DJ  CK-FI  FR-FJ. 


813  OhU 

I.)  l-l'R  1)1 -KH 


aan  \ o^o 
0-1)1  0-1)1 

0.009  in.  - 
T i -bAl-7  V 
on  each  face 
t = 0.06b  in. 


9.6B/1100 

0° 


70' 

D-D.I 


7 no 
D-D! 


D-D  I 


:i  I--.' 
I'H-FI 


i.'YO 
01-1  H 


Velocity  ( !'‘-./iU'c  ) and  Ian.'1,; 


Specimen 

Mater  i a.i 

V -1 

c - 

V-j 

V J ■ 

’ ; , 

SIJ-129-1 

5*7  ikil'S! c/ 
Ti-oAi-iiV 
0° 

0.052  in. 

706 

1) 

78  0 
D-l'J 

8|i- 
1 i-i'l 

855 

D-KI 

Sli-lnl-ll  ,5 

5.7  RO'HSiC/ 

907 

! (/I  1 

1 7 1 M 

1 ).;■), 

1 

Ti -fjAl-U  V 
0° 

0. 012  in.  - 
Ti-3-7  1/2 

1. n  eacii  face 
t = 0.003 

D 

D-D  I 

D-Di 

D-Di 

2578 

8. 0P/1 1 00 

IWm 

553 

(0)1; 

; i."  a, 

1 ’ 

[+22°  ]j, 

t = 0.075  in. 

D 

d-d: 

D-DI 

- _ ■ 1 

1 — 

2779 

8. 0B/1 100 

71 6 

791 

856 

8a,;.c 

l ; 

[+,*5/0o  J2 
t = 0.075  in. 

D-DI 

D-Dl 

i -D  1 

i iv 

2580 

8. OP/i 1 00 

8 SO 

1 02  ;■ 

i 

.1  ‘-t  2 

’ I- 

throe  layers  of 

I)-D  I 

D-Di 

i)-l  I 

D-DI 

D- 

0.005  in. 

T i — t .■  A 1 — J . V on 
eacii  face 
t = 0.005 


liV  = no  visible  uiinm**; 
D = deformation 
F = fracture 
C = crack  i iif  visible 
1 = at  impact  area 

R : at  root  area 
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Table  XVI 


Simply  Supported  Ballistic  inpact  Specimen. 
(Single  Impact  per  Specimen) 


i 


i 


/* 


Specimen 


21*19-2420 


2422-2424 


2427-2428 


SII-129-2 


2479 


Velocity  ( P t /a e c 1 mu 


Material 

h. 

V*  i 

Li 

5 . 6b/ d06i 

199 

44? 

872 

[+45/o3]2 

IJ 

b 

B 

t = 0.070  in. 

5.6b/ 11 00 

199 

447 

907 

[+_45/o^  ]2 

n 

D 

D 

t = 0.067  in. 

5.6B/60bl 

190 

4 39 

897 

[+45/03]2 

D 

B 

D 

t = 0.0b7  in. 

5.7  BORSIC-00 

190 

439 

903 

Ti-oAl-4  V 

nv 

D 

U 

t = 0.052  in. 

5.bp./60bl 

646 

93.1 

1155 

[122] 5 

1) 

D 

D 

2460 


8.6b/ 1100 


[+22]5 


6 Si  76  L o'-  i 

r>  n fi 


2473-74 


-475-76 


5.6P/1100 

0° 

0.003  in.  - 
T:i-bAl-4v 
on  each  face 
t - 0.053  iti. 

5.oB/ 1100 

0° 

0.009  in.  - 
T i 'Al-4  V 
on  each  face 
t = 0.066  in. 


54  9 872  952 

1)1  FI  M 


0('7  :n4o  1291 

PI  DI  FI 


l Piinage 

'ill 

1 04 
P 


128 

F-l 


139. 

F-I 


133' 

D 


116 

FI 


.1.1.9 

FI 

II  5 
FI 


Unnotched  Instrumented  Impact  To  stint;  of  Specimens 
Also  Tested  by  Ballistic  Impact 


Total 

I mpact 

Maximum 

flexural 

I .■  •■iti 

2.1  i-<  ■ mi*  1 ii 

Spec inen 

Matori a 1 

ft- 1 by 

lbs 

(10  1 ( s i 

2U20 

5 . f'B/b06l 

1.1 

1 1*2 

170 

[+l»5/0  3l;> 

1.0 

l)*2 

170 

t = 0 . 07  0 in. 

2h2k 

5.6B/1100 

1.3 

121 

ll*5 

[+_l*5/03l;i 

1.3 

12.1 

1U2 

t = 0.070  in. 

21*28 

5.6B/6061 

1.0 

1 1*2 

180 

[i*»  5/0^2 

0.8 

lit  2 

179 

t = 0.070  in. 

SH-129 

5.7  B0RSIC/Ti-6A1-)*V 

1.1 

ll*l* 

320 

0° 

1.0 

1 1*0 

310 

0.003"  - Ti-3-2  1/2  on  each 

face 

t = 0.052  in. 

SH-1*H 

5.7  B0RSIC/Ti-6Ai-'*  V 

2.2 

1 86 

2’80 

0° 

2.5 

167 

9 S2 

0.012"  - Ti-3-2  1/2  on  each 

face 

t = O.O63  in. 

2U73-7U 

5.6B/1100 

1 . 1 

1 39 

297 

0° 

1 . 2 

1 39 

pan 

0.003"  - Ti-6Al-l*V  on  each 

face 

t = 0.053  in. 

21*75-76 

5.6B/1100 

1 . 3 

17 1* 

0° 

1.5 

17'* 

\';0 

0.009"  - Ti-bAl-'.V  on  each  face 
t = 0 . 006  i n . 


Table  XVI i ( Coat'd) 


Total 


Impact 

Maxi  mum 

!•']  exural 

Lnergy 

Load 

OtrengUi 

Specimen 

Material 

ft-lbs 

lbs 

O.03  pr. i 

2U79 

5.6B/6061 

J .5 

191 

229 

li^2° ] 5 
t = O.O69 

in. 

1.5 

198 

223 

21*80 

5.6B/1100 

2.5 

! 1 1 

150 

[+22°]5 
t = 0.0b6 

in. 

3Ji 

125 

108 

2578 

8. 08/1100 

1.8 

lii  6 

1.16 

[±22°  h, 
t = 0.075 

in . 

2.0 

153 

1 ho 

2579 

(X 

O 

W 

1 — 1 

O 

Q 

1.2 

97 

97 

[+1.5/0y]o 
t = 0.075 

in. 

1.6 

97 

100 

2580 

8. OB/ 1100 

2.5 

26h 

218 

0° 

2.9 

P.6h 

216 

three  layers  of  0.005  in. 
Ti-OAl-lV  on  each  face 


I t = 0.085 

! 


, 4 

1 

V,' 

,1 


STANDARD  V NOTCHED  SPECIMEN 


t 


l0mm(.394in.J 


55mm{2.1 65»n.) 


UN-NOTCHED  FULL  SIZE  SPECIMEN 


THIN  UN-NOTCHED  SPECIMEN 


7- 


394in. 


55mm(2.1 65in.) 


FIG.  5 PENDULUM  IMPACT  SPECIMEN  GEOMETRY 
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FIG.  11  FLEXURAL  INTERACTION  DIAGRAM 


LOAD  (LB 


i.02 


0 0.025  0050  0.075  0.100  0 125 


DEF  L F CT ION  (IN.) 

FIG.  12  LOAD  DEFLECTION  CURVES  FOR  LT  -5.6  B-6061 
UNNOTCHED  THREE  POINT  REND  SPECIMENS 


61 


**■*? 


FIG.  15  FLEXURAL  INTERACTION  DIAGRAM 


FIG.  16  FLEXURAL  INTERACTION  DIAGRAM 


•*MAX  '401  LBS 
£ TOTAL  48  T T LBS 


400  I HS  — 

TIME 

C ??57  7 

&.6B/1100  LT  CHOHDWISE  NOTCH l U h 0.318  IN 


L_i_ 

0 MSLC 


l O AO 


f>MAX  I RS 

t IO,A1  39  I T LBS 


- 1 TIME 

0.9  MSI  V 

C ??!•/  3 


!>6B/1!00  IT  CHOHOWISl  UN  NO  1 CHE  0 li  0.394  IN 


FIG.  19  INSTRUMENTED  IMPACT  TRACES 


PMAX  ikmbs 
fcIOIAl  , i :i  1 1 ' HS 


C 2260  2 

6,6  B/1100  l 1 CHOROWISt  NOTCHH)  li  0 216  IN 


•i.  * 

L vv* 

&.  <$..■ 

r * 

ft 


400  LBSt- 


L 

0.5  MSEC 


'’max  1 ,,s 

1 K11A1  >;’:i  11  1 >,S 


C 2760  3 

5.6  B/1100  11  OHOltDWISI  UNNOinilli  li  0 .>'14  IN 


FIG.  21  INSTRUMENTED  IMPACT  TRACES 


1 


PMAX 
[ KJ1AI 


492  L HS 


1 ► TIME: 

0 2 MSEC  C 7259  2 

5 6B/1I00  L f CHORDWISE  NOTCHED  h 


4.. 


0.121  IN. 


FIG.  22  INSTRUMENTED  IMPACT  TRACES 
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LBS 

4 I I I (■ 


on  in 


BGB/1100  LT  CHOHDWISfc  UNNOTCH  1 1)  h 0.0 /ti  IN 


FIG.  23  INSTRUMENTED  IMPACT  TRACES 


PMAX  1 

^iotai  ■>l'  1111 


r :>:>k/  i 

n (>()<; i i i chohi nvist  noichhi  h o in 


FIG  25  INSTRUMENTED  IMPACT  TRACES 
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a?  .vtsec; 


c :>3o4  :> 

!>.r>  i i cuofmwjsfr  notch*  i> 


0 3(K)  IN 


'ili  I!  .'II.M  I I CHOHPWlSt  UNNOITHI  |)  h D.’l/'l  IN 


FIG.  27  INSTRUMEMTED  IMPACT  TRACES 


U>T  Al 


(I  'M  M l B 


LO  AL) 


80  LBS 


-* ► TIML 

0.?  MSfcC 


C >M)b  1 

‘>.6  B ?024  l I CHOHDWISl  UNNOlCHt.l)  h 0.0 6H  IN 
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FIG.  29  INSTRUMENTED  IMPACT  TRACES 
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FIG.  30.  LT— 5.6  B-2024  IMPACT  SPECIMENS 
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FIG.  31  INSTRUMENTED  IMPACT  TRACES 
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FIG.  33  INSTRUMENTED  IMPACT  TRACES 
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FIG.  35  INSTRUMENTED  IMPACT  TRACES 
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FIG.  38  INSTRUMENTED  IMPACT  TRACES 


LOAD 


160  LBS-f 


+- 


0.5  MSEC 


MAX 


464  LBS 


ETOTAL  18  FT  LBS 


TIME 


C-2277-1 

5.6  8/1 100  * 68  CHORDWISE  UNNOTCHED  h 0.396  IN. 


1 

0.5  MSEC 


TIME 


C 2277  3 
5.6  B/1 100 


*68 


EDGEWISE  UNNOTCHE I)  h 0.393  IN, 


FIG.  39  INSTRUMENTED  IMPACT  TRACES 
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FIG.  40  +68-5.6  B-1 100  IMPACT  SPECIMENS 
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FIG.  41  INSTRUMENTED  IMPACT  TRACES 
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FIG.  42  + 45° -5.6  B- 1100  IMPACT  SPECIMENS 
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FIG.  43  INSTRUMENTED  IMPACT  TRACES 
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FIG.  44  + 45°-5.6  B-6061  IMPACT  SPECIMENS 


FIG.  45  INSTRUMENTED  IMPACT  TRACES 
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FIG.  47.  INSTRUMENTED  IMPACT  TRACES 
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FIG.  49  INSTRUMENTED  IMPACT  TRACES 
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FIG.  51  INSTRUMENTED  IMPACT  TRACES 
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FIG.  52  LT— 8.0  B-6061  IMPACT  SPECIMENS 
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FIG.  53  INSTRUMENTED  IMPACT  TRACES 
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FIG.  54  FIBER  SPLITTING  IN  TRANSVERSE  TENSION 
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FIG.  55  FLEXURAL  INTERACTION  DIAGRAM 
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FIG.  56  INSTRUMENTED  IMPACT  TRACES 
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FIG.  58  INSTRUMENTED  IMPACT  TRACES 
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FIG.  59  INSTRUMENTED  IMPACT  TRACES 


C 2385  1 

LT  CHORD  5 6 8/1100/T.  6 Al  4 V 
UNNOTCHED h 0.19?  IN 


PMAX  1040  lbs 

etotal  66 " 


I ^ 

0.5  msec  TIME 

C 2385  3 

TT  5.6  B/IIOO/T.  6 Al  4 V 
UNNOTCHED  h 0.196  IN 


FIG.  63  INSTRUMENTED  IMPACT  TRACES 
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FIG.  64  INSTRUMENTED  IMPACT  TRACES 
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FIG.  65  FLEXURAL  INTERACTION  DIAGRAM 
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FIG.  66  ENERGY  DISSIPATED  AS  A FUNCTION  OF  SPECIMEN 
GEOMETRY  FOR  5.7  BORSIC  REINFORCED  Ti-6AI-4V  IN  LT  ORIENTATION 
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FIG.  67  INSTRUMENTED  IMPACT  TRACES 
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FIG.  68  INSTRUMENTED  IMPACT  TRACES 
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